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Abstract
Background: The goal of this study was to biomechanically assess tibial rotation in the knee joint simultaneous
changes in rotation of large joints of the lower limbs and pelvis during gait in patients during early postoperative
stages following anterior cruciate ligament (ACLR) reconstruction.
We hypothesized that tibial rotation is associated with changes in rotation of the large joints of the lower limbs
and the pelvis during gait in patients after ACLR reconstruction.
Methods: The patients were divided into two groups. The ACLR group (n = 32 males) underwent primary ACLR in
one leg and postoperative physiotherapy. The control group (n = 30 males) had no knee injuries. After clinical
assessment in both groups, the values of kinematic parameters of foot, tibial, femoral, and pelvic rotation were
measured during gait on a flat surface using the three-dimensional BTS Smart System. In the ACLR group,
measurements were taken during the 4th, 9th, and 14th weeks of postoperative physiotherapy. The results of the
ACLR group were compared with those of the control group.
Results: During gait, between the 9th and 14th weeks following ACLR, there are normal values of foot, tibia, and
pelvic rotation in the operated legs compared with results obtained from un-operated legs and the control group.
Discussion: Analysis of rotations occurring only in knee joints does not reflect all of the multiarticular disorders of gait
kinematics. The study also suggests that analyzing tibial rotation in the knee joint with simultaneous changes in
rotation in large joints of the lower limbs provides better opportunities than singular analysis of rotation in the knee
joint for the assessment of disorders in gait kinematics.
Conclusions: In gait, at the maximal extension of the knee during preparation for the stance phase, external hip
rotation patterns have not been fully restored 14 weeks after ACLR.
Keywords: Joint rotation, Anterior cruciate ligament reconstruction (ACLR), Postoperative management
Background
Biomechanical assessment of gait kinematic parameters
has been carried out in patients before and after anterior
cruciate ligament reconstruction (ACLR) [1, 2]. Analysis
of gait kinematics is included in assessment of the effects
of accelerated rehabilitation after ACLR [3]. The behav-
iour of kinetic, kinematic, and electromyographic parame-
ters during gait has been compared in subjects with
chronic ACL lesions and those after ACLR [4, 5, 6]. Add-
itionally, early analysis of gait kinematic parameters and
asymmetry indices has been carried out in ACLR patients
[7, 8]. The gait kinematic test is part of complex functional
assessment of the knee joint in patients after ACLR. This
test involves assessment of the developed muscle strength
and physical fitness of the entire motor organ [9]. Better ro-
tational stability of the tibia has been shown in ACLR
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patients during gait compared with that in patients with
chronic ACL deficiency who had repeated episodes of joint
rotational instability, which can contribute to the develop-
ment of degenerative disease of the knee joint [10]. Never-
theless, the kinematic parameters of gait are not fully
restored in ACLR patients compared with control
values [11]. To date, there are no reports on simul-
taneous changes in gait parameters between 4th and
14th weeks after ACLR, in the transverse plane of the
knee, associated with changes in the neighbouring
joints of the lower limbs and the pelvis.
Therefore, the goal of this study was to perform bio-
mechanical assessment and analysis of tibial rotation in
the knee joint with simultaneous changes of rotation in
the large joints of the lower limbs and the pelvis in pa-
tients shortly after ACLR.
Methods
Sixty two men were divided into two groups. Thirty-two
males underwent primary anterior cruciate ligament re-
construction of the knee - the ACLR group (20 right
legs, 12 left legs) in one leg. The control group included
30 males with no injuries and no diseases of the knee
joints and no diseases of the lower extremities. The
ACLR group underwent double-bundle reconstruction
(DB ACLR) using the position method (n = 13) and
single-bundle reconstruction (SB ACLR) using the Endo-
button method (n = 19). In 10 patients, a concomitant
lesion of the medial meniscus was noted (shaving was
performed), and/or first and second degree chondromala-
cia of the femoral condyle according to the International
Cartilage Repair Society. These conditions did not require
surgery. The study was conducted according to the ethical
guidelines and principles of the Declaration of Helsinki.
The study protocol was approved by the ethics committee
of the College of Physiotherapy in number 1/2012.
Orthopaedic examinations
Initially, 48 patients after ACLR participated in the
study. All patients underwent orthopaedic examination.
Orthopaedic examination was also carried out on 30
healthy volunteers with a view to their inclusion in the
control group. An orthopaedist carried out anamnesis.
This involved collecting information on the patient’s
subjective assessment of stability in the operated joint
and pain based on the visual-analogue scale. The clinical
tests for the operated knee and the un-operated knee
included Lachman’s test, the anterior drawer test, stability
of the posterior cruciate ligament, collateral ligaments,
and menisci, and patellofemoral joint tests. The Q-angle,
the axis of the lower limb, and range of movement and
circumference of the knee were evaluated [12].
The inclusion criteria in both groups were: regular
physical activity three to four times a week (score 7 ac-
cording to the Tegner Activity Scale; in the ACLR group
before ACL damage) and clinically stable knees (anterior
translation of less than 3 mm). Additionally, inclusion
criteria in the ACLR group were as follows: 1) primary
ACLR in one leg with or without medial meniscus shaving
and/or with cartilage lesions that did not require surgery;
2) the time between total tearing of the ACL and surgery
was no longer than 4 months; 3) the patient consented to
participate in the study and to undergo treatment; 4) use
of anticoagulative, anti-inflammatory, and analgesic medi-
cations for no longer than 4 weeks after ACLR; 5) regular
physiotherapy was carried out an average of four times a
week during a minimum of 14 weeks with the same
physiotherapist in the rehabilitation centre where the
study was conducted; 6) participation in all of the three
analysis of gait; 7) no pain during tests and during 2
consecutive days following the tests; 8) no postoperative
complications; 9) no differences between legs in the range
of movement and circumference of the knee joint during
the 14th week postoperatively. Inclusion criteria for the
control group: 1) voluntary participation in the study; 2)
no differences between limbs in the range of movement
and knee joint circumference.
The exclusion criteria in both groups were the following
clinical complications: 1) additional injuries to the knee
joint, articular cartilage, and ligaments requiring surgery;
2) injuries of the neighbouring joints of the lower limbs
and/or the pelvic and bone fractures; 3) deformations; 4)
malalignment of the axis and length of the lower limbs
and other orthopaedic surgeries. We excluded five patients
with concomitant hip joint injuries, four with postopera-
tive complications (persistent swelling or pain), three who
underwent only two gait analyses, and four who withdrew
from physiotherapy between the 6th and the 8th weeks
following surgery.
No significant between ACLR group and control group
differences in age, body mass, and body height were
found (Table 1).
Table 1 Characteristics of male patients in the ACLR and control groups
Group Age (years) Body height (cm) Body mass (kg) Dominant legs
ACLR group (n = 32) 28.65 ± 8.57 181.25 ± 8.77 81.90 ± 11.17 28 right ± 4 left
Control group (n = 30) 25.93 ± 4.57 180.86 ± 7.20 80.46 ± 12.30 28 right ± 2 left
p 0.631 0.305 0.348
p level of significance
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Postoperative physiotherapy
The ACLR group was subject to a minimum of 14 weeks
of physiotherapy, for an average of four times a week at
the rehabilitation centre [13]. Physiotherapy was carried
out by an experienced physiotherapist, based on referral
from an orthopaedic surgeon. Additionally, patients were
instructed and advised to exercise at home [13].
Recording and measurement of kinematic data
Recording and measurement of kinematic parameters was
performed during gait for individual lower limb joints and
the pelvis. The BTS Smart (BTS Bioengineering, Milan,
Italy) optoelectric system for three-dimensional (3D) re-
cording and analysis of movements was used. Six infrared
light camcorders (sampling frequency of 120 Hz) and
two piezoelectric Kistler platforms (sampling frequency
of 960 Hz) were used. The devices were calibrated prior
to the study [14]. Anthropometric measurements of the
right side of the body followed by measurements of the
left side of the body were taken. Body height (cm), body
mass (kg), the width and depth of the pelvis, the width
of the knee joints and ankle joints, and the length of
the lower limbs were measured (cm). After skin cleansing,
23 markers were placed on the patient’s skin on both legs,
at the level of the tuber calcanei, the fifth metatarsal head,
the centre of the ankle joint laterally, half the length of the
fibula, the fibular head and the lateral condyle of the
femur, half the length of the femur, the area of the femoral
trochanter, the antero-superior iliac spine, and at the level
of the S1 vertebra [15]. Measurements of the kinematic
parameters during gait were carried out three times: at the
end of the 4th (first measurement), 9th (second measure-
ment) and 14th (third measurement) weeks after ACLR
postoperatively. In the control group, the test was carried
out twice. None of the patients reported pain on the day
of the study. Each test began with a 10-second static meas-
urement on the platform. During the measurement, each
patient stood comfortably with their upper limbs along
the trunk. The patient then walked six times along the
measurement path at a moderate speed (natural speed;
walking speed was about 1 m/s) for a distance of 7–8 m,
without shoes, starting each time with the left leg. Each
walk was performed in identical conditions. The data col-
lected during the test were processed using BTS software
where a model was developed from single points, ana-
logical to the original Davis pattern [14, 15]. Among all of
the recorded walks, the two best walks were selected, as
determined by stepping on the piezoelectric platform and
all of the markers on the patient’s body were read during
the gait. Six episodes were recorded during the gait as fol-
lows: (1) angle value, which was the angle during the first
heel contact with the floor (KHS); (2) maximal flexion
of the knee of in the stance phase (K1); (3) maximal exten-
sion of the knee during a single stance (K2); (4) when the
toes were lifted off the floor (KTO); (5) maximal flexion
of the knee joint during the swing phase (K3); (6) and
maximal extension during preparation for the stance
phase (K4). Moreover, the values of kinematic and kinetic
parameters were recorded and measured in the transverse
planes. Movements of internal rotation (IR) and external
rotation (ER) of the ankle joints, in the knee joints, in the
hip joints, and in the pelvis were measured and expressed
in degrees (°). ER values are shown with a minus (−) sign.
Biomechanical measurements were performed by one
person.
Test-retest reliability
Test-retest reliability was performed in the control group
to assess the reliability of the obtained values of kinematic
rotation in the transverse plane in the joints of the ankle,
knee, hip, and pelvis during gait using the BTS system.
Between the first and second measurements were 2 days
break, and 3D registration of kinematic rotation parameters
of the lower limb joints and pelvis was carried out, in ac-
cordance with the above-mentioned registration procedure.
The intraclass correlation coefficient (Shrout and Fleiss
model 2) were calculated to compare the data between
sessions in the test–retest assessment [16]. The following
guidelines, described by Cicchetti and Sparrow, were
used to assess reliability coefficients: less than 0.40 was
considered poor, 0.40–0.59 was considered fair, 0.60–0.74
was considered good, and 0.75 or greater was considered
excellent [17].
In the present study ICC test results for the pelvis ro-
tation between the first and second tests ranged from
0.713 to 0.909 (most results ranged from 0.800 to 0.909).
For the hip joint, the ICC result in most phases of the
gait was above 0.900. In one case, the ICC was 0.534 for
the left extremity during gait in the first contact with the
ground heel (KHS phase). For the knee joint, the ICC
was over 0.950. The ICC values for the ankle were in
the range of 0.770–0.870. For mechanical accuracy mean
difference between two tests was calculated for the pelvis
(0.080 – 0.410), hip (0.060 – 0.680), knee (0.140 – 0.490),
ankle (0.490 – 0.570).
Statistical analysis
The mean value and standard deviation were measured
in all groups. The Shapiro–Wilk test [18, 19] was carried
out to study the distribution. In order to compared the
operated limbs to un-operated limbs in the ACLR group,
the parametric t-test with 95 % CI or the non-parametric
Wilcoxon test were applied. The parametric t-tests were
performed for the operated limb in the first measurement
phase K1,K2,KTO,K3; in the second and third measure-
ment carried out for all phases (KHS,K1,K2,KTO,K3,K4).
Non-parametric tests were performed for the operated
limb in the first measurement phase KHS and K4. For
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healthy limbs parametric tests were performed: in the first
measurement for all phases (KHS,K1,K2,KTO,K3,K4); in
the second measurement for phase K2; in the third meas-
urement for phase KTO and K3. Non-parametric tests for
healthy limbs were performed: in the second measurement
for KHS,K1,KTO,K3,K4; in the third measurement for
phase KHS,K1,K2,K4. One-way ANOVA was used to as-
sess the significance of differences between the operated
limb of the ACLR group, the right and the left legs in the
control group. The ANOVA revealed no statistically signifi-
cant differences, thus the post-hoc tests were not needed.
Results
Small and mostly statistically insignificant external rota-
tion (ER) disorders during gait were observed in the
ankle joint of the operated legs (Table 2). During the
Table 2 Values of ankle and knee rotation for each phase of gait cycle in the ACLR group
Rotation for subsequent phases of the gait cycle First measurement Second measurement Third measurement ANOVA
Ankle KHS Operated leg −11.4 ± 6.61 −7.81 ± 11.82 −9.69 ± 8.38 0.285
Un-operated leg −10.53 ± 8.71 −11.54 ± 6.03 −10.12 ± 7.55 0.741
P 0.948 0.076 0.799
K1 Operated leg −13.18 ± 7.30 −9.28 ± 11.85 −10.41 ± 8.53 0.241
Un-operated leg −10.90 ± 8.80 −10.60 ± 6.56 −9.53 ± 7.36 0.752
P 0.121 0.395 0.091
K2 Operated leg −12.57 ± 9.17 −11.40 ± 11.55 −12.99 ± 8.18 0.796
Un-operated leg −12.79 ± 8.73 −13.39 ± 6.50 −12.98 ± 7.61 0.950
P 0.717 0.881 0.525
KTO Operated leg −8.61 ± 10.15 −5.03 ± 8.37 −5.03 ± 8.43 0.192
Un-operated leg −11.15 ± 11.04 −6.25 ± 4.20 −7.62 ± 9.26 0.071
P 0.667 0.875 0.175
K3 Operated leg −13.80 ± 8.94 −11.49 ± 10.92 −11.51 ± 10.93 0.591
Un-operated leg −16.00 ± 10.98 −11.69 ± 6.62 −12.45 ± 10.19 0.156
P 0.667 0.472 0.786
K4 Operated leg −12.00 ± 6.44 −9.35 ± 12.60 −10.38 ± 9.37 0.553
Un-operated leg −10.39 ± 8.92 −13.06 ± 6.75 −11.58 ± 7.67 0.397
P 0.501 0.026 0.472
Knee KHS Operated leg −20.10 ± 8.67 −15.58 ± 8.22 −17.79 ± 11.14 0.164
Un-operated leg −17.16 ± 10.69 −16.47 ± 8.32 −19.32 ± 8.01 0.427
P 0.282 0.830 0.494
K1 Operated leg −17.21 ± 8.07* −11.40 ± 8.14* −12.45 ± 12.18 0.041 (1–2)
Un-operated leg −10.40 ± 11.97 −8.46 ± 8.90 −11.54 ± 8.80 0.464
P 0.017 0.066 0.683
K2 Operated leg −16.92 ± 8.92* −10.92 ± 7.84* −13.48 ± 11.52 0.046 (1–2)
Un-operated leg −11.27 ± 11.82 −11.59 ± 8.80 −14.76 ± 9.56 0.319
P 0.034 0.694 0.568
KTO Operated leg −15.80 ± 8.32* −9.27 ± 9.19* −9.99 ± 11.84 0.018 (1–2)
Un-operated leg −10.09 ± 10.66 −8.39 ± 8.26 −11.30 ± 7.37 0.422
P 0.031 0.580 0.528
K3 Operated leg −17.05 ± 9.33* −8.65 ± 10.55* −9.30 ± 13.30* 0.005 (1–2;1–3)
Un-operated leg −10.92 ± 11.47 −7.43 ± 10.38 −10.08 ± 8.77 0.368
P 0.019 0.483 0.724
K4 Operated leg −21.18 ± 8.63 −14.88 ± 9.53 −17.91 ± 12.36 0.055
Un-operated leg −16.80 ± 10.65 −16.00 ± 8.58 −19.34 ± 8.45 0.329
P 0.110 0.515 0.532
*- level of significance (p <0.05); (−) – external rotation; movements of internal rotation (IR) and external rotation (ER) were measured and expressed in degrees (0)
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first measurement, in the operated knee, a signifi-
cantly excessive external tibial rotation (ETR) was ob-
served compared with the un-operated knee from the
K1 to K3 phases (Table 2). In the second and third
tests, we found that the excessive ETR at the oper-
ated side was reduced, but this was not significantly
different from the un-operated side. The third test
showed smaller values of ETR at the operated side
compared with those obtained from un-operated
knees. The differences in ETR ranged from 0.4 to 1.5°.
In the operated knees, there was a significant differ-
ence in ER between one and two measurements for
phases K1, K2, and KTO. In phase K3, there was also
a significant difference between measurements one
and two and between one and three. There was no sig-
nificant difference between measurements for un-
operated limbs (Table 2).
The first measurement showed significantly higher
values of IR of the femur in the operated leg for all
phases (KHS to K4) of the gait cycle compared with the
values obtained from the un-operated legs (p <0.001). In
the un-opearated joints, a compensatively larger ER of
the thigh compared with operated the hip joints was ob-
served (Table 3). In the second measurement, despite an
improvement, IR of the thigh in the operated leg was
maintained at a significantly higher level for all of the
gait phases (from p <0.019 to p <0.001) compared with
the un-operated side where excessive ER was reduced.
In the third measurement, further reduction in IR
values was observed for the gait phases from KHS to
K3, which resulted in a lack of significant difference
(Table 3). However, during maximal extension of the op-
erated leg in the K4 phase (preparation for stance phase),
ER of the thigh was still 4° smaller compared with that of
the un-operated side (p = 0.043). ANOVA also showed
that most of the changes were significant for hip rotation
on the side of the operated knee for all phases of the gait
cycle. This was evident for the phases KHS, KTO, and K4
when the first measurement was compared with the sec-
ond and third measurements (Table 3). In the first meas-
urement, analysis of pelvic kinematics at the side of the
operated leg showed a significant reduction in IR at the
KHS and K1 phases and excessive ER at the phases K2,
KTO, K3, and K4 compared with the un-operated side
(from p <0.011 to p <0.001). The second and third mea-
surements showed similar values of pelvic rotation at the
operated side to those obtained from the un-operated side,
with no significant difference (Table 3).
ANOVA analysis of the ACLR group showed that
the third measurement of foot, tibia, hip, and pelvic
rotation values obtained from the operated legs were
similar to those obtained for the left and right joints
of the lower limbs in the control group (not signifi-
cant, Table 4).
Discussion
To date, there has been no comparative analysis of tibial
rotation kinematics during gait with simultaneous changes
in the rotation of the feet, tibia, femur, and pelvis in pa-
tients between the 4th and 14th week after ACLR. The re-
search presented in our study provides new and important
information on rotational gait disorders in large joints of
the lower limbs and pelvis in patients examined during
the 4th, 9th and 14th weeks of postoperative physiother-
apy after ACLR.
During the 4th week after ACLR in the operated knee,
we found a significantly excessive external tibial rotation
(ETR) compared with the un-operated knee from the K1 to
K3 phases. In the 9th, and in the 14th weeks after ACLR,
the excessive ETR at the operated side was reduced and
finally in the 14th week the values of ETR at the operated
side were similar to un-operated knees. Claes et al. [20]
found that 6 months after ACLR tibial rotational was fully
restored during plain walking. Gao and Zheng [11] showed
that the kinematic parameters of gait are not fully restored
in patients after ACLR compared with control values.
Czamara et al. [21] noted that in the SB ACLR group, more
disorders of rotation kinematics were noted in large joints
of the lower limbs during gait in comparison with the DB
ACLR and control groups. It was also found that 14 weeks
of postoperative physiotherapy were not enough to fully
restore rotation kinematics in joints of the lower limbs
during gait in both groups [21]. However, very few group
members were analysed in the quoted research.
It should be noted that the results of the present study
show that in the ACLR group, most of the disorders, as
well as the most persistent disorders, were found during
gait in femoral rotation of the operated leg. In the first
measurement, there were value differences of femoral ro-
tation angle between the operated and non-operated limbs
from 12° to over 14° for particular phases of the gait cycle.
We found excessive internal femoral rotation of the oper-
ated limbs and excessive external femoral rotation of the
non-operated limbs. At the end of the 14th week after
ACLR, in five out of six analysed gait phases the rotation
movement patterns in the hip were restored. A significant
limitation of movement patterns of external femoral rota-
tion was still maintained at the involved side during the
maximal extension of the operated leg in the K4 phase.
The research of the present study showed small and
mostly statistically insignificant ETR disorders during gait
in the ankle joint of the operated legs. During the 4th
week after ACLR in two first phases of gait, a limitation of
internal rotation patterns of pelvis in the operated legs
was noted. In phases K3 and K4 excessive external rota-
tion patterns of pelvis were noted in the operated legs.
During the second and third measurements the values of
pelvic kinematic rotation at the operated side were similar
to those obtained for the un-operated side.
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However, it is difficult to overlook the deficits, such as
asymmetry of rotational values for certain phases of gait,
in three studied joints of the operated leg compared with
the un-operated leg or with the results of the control
group, despite the lack of significant differences.
In the summary, it should be noted that the applied
physiotherapeutic procedure allowed the patients to re-
gain most of the studied kinematic rotation patterns
during the gait on a flat surface in the large joints of the
lower limbs and the pelvis between the 4th and the 14th
week post-operatively.
Assessing of tibial rotation during gait and all other types
of locomotion is usually analysed in short time after ACLR.
The early studies on rotation kinematics are justified, given
the surgical procedures applied thus far in addition to
the current postoperative protocols of physiotherapy.
Table 3 Values of hip and pelvic rotation for each phase of the gait cycle in the ACLR group
Rotation for subsequent phases of the gait cycle First measurement Second measurement Third measurement ANOVA
Hip KHS Operated leg 7.75 ± 9.64* 1.43 ± 10.14* −0.78 ± 10.32* 0.003 (1.2;1–3)
Un-operated leg −5.96 ± 8.97 −5.60 ± 8.07 −4.12 ± 8.35 0.656
P 0.001 0.001 0.122
K1 Operated leg 9.19 ± 7.81* 5.21 ± 9.13 3.45 ± 9.05* 0.029 (1–3)
Un-operated leg −4.90 ± 9.82* −2.90 ± 7.03 0.30 ± 7.73* 0.045 (1–3)
P 0.001 0.001 0.132
K2 Operated leg 10.28 ± 8.13* 6.86 ± 7.97 4.45 ± 7.65* 0.016 (1–3)
Un-operated leg −3.55 ± 9.86 0.09 ± 8.26 2.71 ± 8.29 0.020 (1–3)
P 0.001 0.001 0.313
KTO Operated leg 10.56 ± 9.56* 5.03 ± 8.05* 4.20 ± 7.90* 0.007 (1–2;1–3)
Un-operated leg −1.24 ± 12.58 0.85 ± 7.59 3.67 ± 8.95 0.144
P 0.001 0.019 0.770
K3 Operated leg 12.72 ± 9.32* 7.75 ± 9.57 5.35 ± 9.40* 0.008 (1–3)
Un-operated leg −1.33 ± 12.54 0.74 ± 8.00 2.96 ± 9.12 0.238
P 0.001 0.001 0.177
K4 Operated leg 6.29 ± 10.11* −1.01 ± 10.64* −2.72 ± 11.02* 0.002 (1–2;1–3)
Un-operated leg −7.79 ± 9.26 −8.72 ± 8.40 −6.95 ± 8.08 0.713
P 0.001 0.001 0.043
Pelvis KHS Operated leg 0.59 ± 4.63* 2.57 ± 3.91 3.95 ± 3.45* 0.005 (1–3)
Un-operated leg 4.82 ± 5.23 4.59 ± 3.58 4.38 ± 3.89 0.919
P 0.011 0.081 0.668
K1 Operated leg 1.05 ± 4.48 2.50 ± 3.44 3.01 ± 2.94 0.093
Un-operated leg 5.77 ± 5.42 3.81 ± 3.47 3.72 ± 3.87 0.108
P 0.006 0.232 0.475
K2 Operated leg −1.63 ± 4.78 −0.99 ± 3.74 −1.09 ± 3.53 0.791
Un-operated leg 3.01 ± 4.87 0.34 ± 3.08 −0.94 ± 3.85 0.001 (1–2;1–3)
P 0.003 0.196 0.963
KTO Operated leg −6.54 ± 4.64* −3.95 ± 3.47* −4.31 ± 3.78 0.022 (1–2)
Un-operated leg −1.22 ± 3.99 −2.59 ± 2.80 −3.18 ± 3.33 0.067
P 0.001 0.145 0.285
K3 Operated leg −5.84 ± 4.47 −4.20 ± 3.42 −3.84 ± 3.44 0.088
Un-operated leg −1.19 ± 4.26 −2.98 ± 2.69 −3.63 ± 2.91 0.014 (1–3)
P 0.003 0.199 0.841
K4 Operated leg −0.65 ± 5.42* 2.06 ± 3.20* 3.78 ± 4.36* 0.001 (1–2;1–3)
Un-operated leg 4.61 ± 5.12 3.43 ± 3.61 3.78 ± 3.72 0.519
P 0.003 0.161 0.786
*- level of significance (p <0.05); (−) – external rotation; movements of internal rotation (IR) and external rotation (ER) were measured and expressed in degrees (0)
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Implementation of closely defined postoperative procedures
after ACLR may affect the remote results of gait kinematics
[22, 23, 24]. But one of the numerous causes of osteoarth-
ritis is biomechanical overload, affecting the surface of the
articular cartilage for many years, especially during various
kinds of locomotion [25–27]. We need to require both early
and remote studies and analyses. Therefore, acquired
knowledge of future development of knee surgery tech-
niques and rehabilitation protocols is important [28–32].
Therefore, the goal of double-bundle reconstruction of
the anterior cruciate ligament was to obtain a rotational
stability of the tibia better than that achieved using a
single-bundle reconstruction. Comparison of double-
bundle reconstruction to single-bundle reconstruction
results of tibial rotation during gait, as well as kinematic
and kinetic parameters of tibial rotation during the dynamic
pivot test are not different between methods [20, 23, 33].
Nevertheless, in both groups, the values of tibial rotation
were smaller compared with those obtained from un-
operated knees and the control group [23]. The influence
of the dominant leg only on tibial rotation during gait after
ACLR has been analysed [34]. Tibial translation towards
the femur, and X-ray images of joints after ACLR have
been assessed [35, 36].
The analysis of rotational movement patterns in joints
of lower limbs is very important for clinical assessment
because of two main reasons. Firstly, because of the
most common mechanism of ACL injury (knee excessive
rotation, valgus and flexion) and prevention of reinjuries,
and secondly, because the main goal of ACL reconstruction
is to restore anterior and rotational stability of the tibia
against the femur in the knee joint. What’s more, one of
the main goals of the postoperative physiotherapeutic
procedure is to restore the normal patterns of human
locomotion, so gait analysis has to be performed on differ-
ent stages of physiotherapeutic procedures. The analysis is
supposed to provide information not only about the sagit-
tal plane but also about the transverse plane. It also has to
involve all of the lower limb joints and pelvis, as it has
to be a comprehensive evaluation of all components of
normal human gait.
Analysis of rotations occurring only in knee joints
does not reflect all of the multiarticular disorders of
gait kinematics. The study also suggests that analyzing
tibial rotation in the knee joint with simultaneous
changes in rotation in large joints of the lower limbs
provides better opportunities than singular analysis of ro-
tation in the knee joint for the assessment of disorders in
gait kinematics.
In the future, recording kinematic rotation in joints of
the lower limbs and pelvis is required. This is necessary
for quantitative and qualitative evaluation of biomechan-
ical parameters in patients after ACLR while going up and
downstairs, running, and jumping during subsequent
stages of physiotherapy [37–41]. This type of protocol
could be used for the follow-up assessment of gait pa-
rameters and other types of patients locomotion [42]. The
effectiveness of applied gait assessment methods during
the physiotherapeutic procedure has been confirmed in
patients who suffered injuries of other structures of the
motor organ. Future studies should assess the risk of re-
current ACL injuries [43].
Table 4 Comparison of results between operated leg from the third measurement and left and right in the control group
Rotation for subsequent phases of the gait cycle KHS K1 K2 KTO K3 K4
Pelvis ACLR group Operated leg 3.95 ± 3.45 3.01 ± 2.94 −1.09 ± 3.53 −4.31 ± 3.78 −3.84 ± 3.44 3.78 ± 4.36
Control group Right leg 3.31 ± 3.31 2.27 ± 2.67 −0.38 ± 2.78 −3.08 ± 2.68 −3.23 ± 2.70 3.77 ± 3.19
Control group Left leg 3.49 ± 2.77 3.20 ± 2.93 −0.21 ± 3.13 −3.62 ± 2.64 −3.63 ± 3.02 2.97 ± 3.15
ANOVA p 0.709 0.469 0.239 0.085 0.349 0.571
Hip ACLR group Operated leg −0.78 ± 10.32 3.45 ± 9.05 4.45 ± 7.65 4.20 ± 7.90 5.35 ± 9.40 −2.72 ± 11.02
Control group Right leg −0.26 ± 9.48 3.40 ± 8.84 4.99 ± 9.60 4.29 ± 9.82 1.47 ± 10.64 −3.77 ± 10.39
Control group Left leg −1.92 ± 12.43 1.60 ± 12.03 3.26 ± 12.20 2.17 ± 12.43 −0.37 ± 13.89 −5.23 ± 14.24
ANOVA p 0.394 0.631 0.316 0.239 0.676 0.457
Knee ACLR group Operated leg −17.79 ± 11.14 −12.45 ± 12.18 −13.48 ± 11.52 −9.99 ± 11.84 −9.30 ± 13.30 −17.91 ± 12.36
Control group Right leg −21.14 ± 9.97 −14.31 ± 8.59 −16.78 ± 8.45 −13.69 ± 8.94 −11.26 ± 9.42 −21.18 ± 10.28
Control group Left leg −18.91 ± 7.69 −12.15 ± 6.52 −14.04 ± 6.02 −10.43 ± 5.71 −9.09 ± 7.80 −18.91 ± 8.13
ANOVA p 0.831 0.718 0.787 0.658 0.136 0.712
Ankle ACLR group Operated leg −9.69 ± 8.38 −10.41 ± 8.53 −12.99 ± 8.18 −5.03 ± 8.43 −11.51 ± 10.93 −10.38 ± 9.37
Control group Right leg −11.07 ± 8.11 −12.75 ± 6.96 −15.79 ± 6.62 −10.02 ± 9.12 −15.06 ± 9.40 −12.23 ± 10.07
Control group Left leg −11.09 ± 6.30 −11.72 ± 6.63 −15.16 ± 7.12 −7.99 ± 8.85 −11.95 ± 10.57 −12.62 ± 6.92
ANOVA p 0.412 0.473 0.918 0.435 0.927 0.403
*- level of significance (p <0.05); (−) – external rotation; movements of internal rotation (IR) and external rotation (ER) were measured and expressed in degrees (0)
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This study has a limitation, which is the relatively short
time of observation. A long term observational study asses-
sing the relationship between changed gait kinematics and
the risk of early knee osteoarthritis should be performed.
Rotational movement assessment without sagittal plane
kinematics has its limitations. This study does not include
any results of movement patterns in the sagittal plane due
to the fact that they are already well described [1–5, 8]. An-
other limitation of presented type of assessment is re-
ducing it to the biomechanical assessment only. It
should be performed in connection with a comprehensive
clinical evaluation, as well as standard assessment scales
and functional tests used in treatment of patients after
ACLR.
Conclusions
During gait on a flat surface, evaluation carried out in
the 4th, 9th and 14th week of physiotherapy after ACLR,
shows a significant improvement of most of the studied
kinematic rotation patterns. Between the 9th and 14th
weeks following ACLR, there are normal values of foot,
tibia, and pelvic rotation in the operated legs compared
with results obtained from un-operated legs and the control
group. Most of the disorders are found in hip joint rotation
at the involved side. These disorders are maintained for a
long period of time, and after 14 weeks postoperatively,
they are not fully eliminated during maximal extension of
the knee during preparation for the stance phase. Analysis
of tibial rotation with simultaneous changes in rotation of
the large joints in the lower limbs and pelvis during gait
provides new cognitive and application data for physicians.
These data could enable planning, correction, and assess-
ment of postoperative procedures in ACLR patient.
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